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Synaptotagmin is just a calcium sensor
Ligand-binding studies have suggested many functions for the synaptic
vesicle protein, synaptotagmin. But genetic elimination of the protein
supports only one role: translating arriving Ca2+ signals into vesicle release.
The synaptic vesicle protein synaptotagmin rivals Shiva in
the number of wonderful properties attributed to it
(Table 1). The validity of these attributes can be tested
for synaptotagmin (but not for Shiva) by genetic 'knock-
out' experiments. The results of the knock-out experi-
ments have delighted some devotees of synaptotagmin
but are forcing others to re-examine their dogmas.
The success of synaptotagmin knock-out experiments
has been in explaining the Ca2 +-dependence of neuro-
transmitter release at the nerve terminal. In general, exo-
cytosis comes in two forms, constitutive and regulated. In
constitutive release, carrier vesicles leaving either the
trans-Golgi network or the early endosomes fuse upon
contact with their target, the plasma membrane. This
fusion step is inhibited in regulated release, causing an
accumulation of carrier vesicles in the cytoplasm. Fusion
of the pool of stored carrier vesicles with the plasma
membrane can be triggered when the inhibition is
removed by a suitable cytoplasmic second messenger. For
the nerve terminal, the cytoplasmic signal is Ca2 +, and
the triggering step is a highly cooperative one: it needs
an estimated four Ca 2+ ions per molecular event.
When the sequence of synaptotagmin revealed that it had
two Ca2 +-binding domains similar to those found in pro-
tein kinase C (Fig. 1) [1,2], it became the prime candi-
date for the sensor of Ca2 + at the nerve terminal.
Subsequently, synaptotagmin was shown to bind divalent
cations with the necessary specificity for, and at concen-
trations consistent with, a role in neurotransmitter release
[3,4]. In addition, binding of Ca2 + has been shown to
induce a conformational change in synaptotagmin [5].
And finally, synaptotagmin is known to multimerize
using a highly charged domain on its cytoplasmic side,
close to the synaptic vesicle membrane. Thus, synapto-
tagmin has all the physical properties expected for a Ca2 +
sensor: the correct ion specificity, the correct concentra-
tion dependence and a large enough number of Ca2+-
binding sites to produce a cooperative response.
Three proteins, synaptobrevin, syntaxin and SNAP25, are
implicated in synaptic vesicle exocytosis because their
cleavage by clostridial neurotoxins inhibits neurotransmit-
ter release. Synaptotagmin is not, as far as is known, a sub-
strate for any clostridial neurotoxin; establishing its role in
exocytosis has therefore required a genetic approach. The
synaptotagmin gene has now been inactivated in C. ele-
gans, Drosophila and mouse, with consistent, but comple-
mentary, results. A knock-out mutation in mouse [6] trun-
cated synaptotagmin I at amino acid 270 (Fig. 1), leaving
one of the two Ca2 +-binding domains intact. Fortunately
for the investigators, this truncation generated an unstable
protein that was present at only 5 % of wild-type levels.
Hippocampal cells from homozygous knock-out mice
had a dramatic phenotype. Although the morphology of
the nerve terminals was qualitatively normal, the fast
Ca2 +-dependent response was completely gone [6].
In Drosopila, 16 mutant alleles of the synaptotagmin gene
are available [7,8], and all but one are homozygous-lethal.
Two different approaches have been used to study these
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Fig. 1. Structure of synaptotagmin. LTR,
a-latrotoxin receptor.
lethal mutations. Although the homozygous animals die
early in development, they can be studied as embryos [8].
In such embryos, as in the mutant mice, the loss of synap-
totagmin resulted in a reduction in Ca2 +-dependent
neurotransmitter release. The second approach is to use
heteroallelic complementation [8]. If flies carrying two
different mutant alleles of synaptotagmin are crossed, via-
bility can sometimes be obtained - as long as the het-
erozygotic flies have at least one complete Ca2+ - binding
domain. Such heteroallelic complementation is often
found for genes encoding multimeric proteins with mul-
tiple functional domains, and is assumed to reflect the
contribution of complementary functional domains by
the different mutant alleles. The mature larvae of such
heteroallelic mutant flies fall into two classes. One class
again displays a reduction of the Ca2+-evoked exocytotic
response. But the more informative class gives a Ca2+ -
evoked response which is proportional to the second, not
to the fourth, power of the Ca2 + concentration [8].
Whereas previously studied synaptotagmin mutations had
shown an involvement in Ca2+-stimulated exocytosis,
only the mutants that changed n, the number of Ca2+
ions required, provided direct evidence that synaptotag-
min is the Ca2+ sensor; it is responsible for transducing an
arriving Ca2 + signal into increased exocytosis.
Although they validated synaptotagmin's role as a Ca2 +
sensor, the genetic experiments cast doubt on several of
the other functions that have frequently been attributed
to the molecule (Table 1). One such function is that
synaptotagmin is somehow or other an exocytotic clamp
[9], preventing vesicle fusion until Ca 2+ flows into the
nerve terminal. If synaptotagmin were such a clamp, its
inactivation should lead to a major increase in the sponta-
neous release rate and a depletion of synaptic vesicles.
This is not found. The morphology of the nerve terminal
- including its synaptic vesicle content - is qualitatively
normal in synaptotagmin mutants, and the rate of sponta-
neous vesicle release is only modestly elevated in all stud-
ies. Because synaptotagmin is not behaving as an
exocytotic clamp, Littleton et al. [8] propose instead that
it is a Ca2+-regulated activator of membrane fusion. This
proposal is derived from the observation that synaptotag-
min binds to phospholipids, especially charged phospho-
lipids, in the presence of Ca2 + [1]. This hypothesis is
unattractive on three grounds: it implies that the fusion
mechanisms for spontaneous and evoked release are dif-
ferent; it does not incorporate the extensive information
implicating synaptobrevin, syntaxin and SNAP25 in
fusion; and it does not account for the inhibition of fusion
needed to explain the accumulation of synaptic vesicles
inside the nerve terminal.
A second potential casualty of the knock-out experiments
is the relationship between synaptotagmin and the Ca2 +
channel [10]. It is now reasonably well established that the
site for synaptic vesicle fusion at the nerve terminal is
immediately adjacent to the Ca2 + channel. Only by hav-
ing the fusion site immediately adjacent to a Ca2+ chan-
nel, and by having the fusion process dependent on Ca2 +
concentration multiplied to a high power, can the nerve
terminal initiate membrane-vesicle fusion on stimulation
and, more importantly, reduce the probability of fusion to
minuscule levels within milliseconds of stimulation. An
interaction between synaptotagmin, a synaptic vesicle
protein, and the Ca2 + channel (in the plasma membrane)
seemed to be a wonderful way of keeping synaptic vesicles
in their correct place. The data of Geppert et al. [6], how-
ever, show that synaptic vesicles are docked normally at
the presynaptic plasma membrane in synaptotagmin-defi-
cient knock-out mice. If synaptotagmin is not required,
the molecule responsible for holding synaptic vesicles in
the vicinity of Ca2 + channels is unknown.
Another candidate for a synaptic-vesicle docking protein
was the receptor for the active component of black widow
spider venom, oa-latrotoxin [11]. The receptor has an extra-
cellular, laminin-like domain that could allow it to bind to
post-synaptic proteins involved in clustering postsynaptic
receptors, making it an attractive candidate for a synaptic
organizer. The cytoplasmic domain of the receptor binds
the extreme carboxy-terminal domain of synaptotagmin
[12]. Thus, the ao-latrotoxin receptor was thought to have
the potential to link the post-synaptic receptors through
the presynaptic membrane to the docked synaptic vesicles.
Unfortunately, the normal morphology of the synapto-
tagmin-deficient mice argues against such a linkage.
Clathrin-coated vesicles are widely believed to be involved
in recycling synaptic vesicle membrane proteins back into
the nerve terminal after exocytosis has occurred. Recent
evidence [13] has shown that the AP2 adaptin, the coated
vesicle-associated complex responsible for recognizing
plasma membrane proteins that are to be endocytosed,
binds to only one synaptic vesicle protein: synaptotagmin.
An obvious prediction is that a synaptotagmin-deficient
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mouse should be unable to recycle synaptic vesicle
proteins from the plasma membrane and should therefore
have nerve terminals devoid of synaptic vesicles. One
would also predict a failure to take up bulk phase markers
into nerve terminals in synaptotagmin-deficient mice.
But Geppert et al. [6] observed normal levels of synaptic
vesicles and endocytotic uptake of the dye FM1-43 in
synaptotagnmin knock-out mice.
Most of us will have to wait patiently for the resolution of
these issues and for an explanation of the surprisingly nor-
mal development of the hippocampus in these mice in the
absence of evoked synaptic activity. A few of us, however,
will not be able to resist the temptation to create a new set
of models incorporating these provocative and important
new observations. One such model proposes that, in addi-
tion to the 'strongly' regulated release of neurotransmitters
that is controlled by synaptotagmin I, there is a 'weakly'
regulated form of release. Geppert et al. [6] do indeed
observe such a weakly regulated form of release in their
synaptotagmin-deficient mice. It is still dependent on the
fourth power of Ca2+ concentration, but it is slow and
requires a high-affinity receptor. Broadie et al. [7] also pos-
tulate the presence of a second Ca2+-sensor in Drosophila
mutants that is dependent on the fourth power of Ca2 +
concentration. The weakly regulated release observed in
both cases is reminiscent of the evoked release of hormone
from endocrine cells, which is also slow, requires a high-
affinity Ca2+ sensor and depends non-linearly on Ca2+
concentration. Interestingly, the first synaptotagmin
knock-out experiment involved the secretory PC12 cell
line isolated by Shoji-Kasai et al. [14]. This PC12 variant,
which had no detectable synaptotagmin, had normal
release of material from secretory granules.
Perhaps in addition to the strongly regulated synaptic
mechanism, neurons also have the weakly regulated exo-
cytotic release mechanism that is used by the endocrine
system. Formation of the sophisticated, strongly regulated
system may occur only on synapse formation. An alter-
native possibility suggested by Littleton et al. [8] is that
the constitutive exocytotic pathway has, in fact, a weak
Ca2 + sensitivity. Ca2+-sensitive exocytosis has been seen
by Dan and Poo [15] using acetylcholine-injected muscle
cells. A similar explanation might be made for the endo-
cytosis results. Perhaps nerve terminals have two forms of
endocytosis - a constitutive form, by which plasma
membrane proteins are recycled, and a specialized form
that is used for the recovery of synaptic vesicle membrane
proteins. In the latter, AP2 recognizes synaptotagmin. In
the absence of synaptotagmin, the constitutive mecha-
nism is sufficient to retrieve synaptic vesicle proteins from
the plasma membrane.
A more challenging issue is to explain what, in the
absence of synaptotagmin, can act as an exocytotic clamp
and generate the accumulation of synaptic vesicles in the
nerve terminal. One attractive candidate is the -latro-
toxin receptor. The receptor protein is present and
functional in nerve terminals from insects to humans.
When it binds to components of black widow spider
venom, it always produces the same physiological
response, namely a high frequency of spontaneous quan-
tal events in the absence of extracellular Ca2 +, leading to
a complete depletion of synaptic vesicles from the nerve
terminal. This is the response expected on removing an
exocytotic clamp. If the role of synaptotagmnin were to
remove this clamping function, we could explain why
there is little increase in spontaneous frequency on delet-
ing the synaptotagmin gene, yet synaptotagnmin-deficient
terminals remain sensitive to aot-latrotoxin [6].
The clear conclusion to be drawn from the recent studies
is that synaptotagmin is a major Ca2 + sensor of the nerve
terminal. The failure to find other predicted phenotypes in
the knock-out mice could be attributed to the presence of
three other synaptotagrmnin isoforms in mice, or to previous
overly exuberant interpretation of the results of ligand-
binding studies in vitro (Table 1). In Drosophila, which
seems to have only one synaptotagmin isoform, informa-
tion on synaptic ultrastructure is still lacking for the
mutants. Both mouse and Drosophila data make clear, how-
ever, that whatever may be the 'Great Inhibitor of Vesicle
Fusion' (the exocytotic clamp), it is not synaptotagmrin.
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